Zamparo P, Swaine IL. Mechanical and propelling efficiency in swimming derived from exercise using a laboratory-based wholebody swimming ergometer. J Appl Physiol 113: 584 -594, 2012. First published June 21, 2012 doi:10.1152 doi:10. /japplphysiol.00324.2012termining the efficiency of a swimming stroke is difficult because different "efficiencies" can be computed based on the partitioning of mechanical power output (Ẇ ) into its useful and nonuseful components, as well as because of the difficulties in measuring the forces that a swimmer can exert in water. In this paper, overall efficiency ( O ϭ Ẇ TOT/Ė , where Ẇ TOT is total mechanical power output, and Ė is overall metabolic power input) was calculated in 10 swimmers by means of a laboratory-based whole-body swimming ergometer, whereas propelling efficiency ( P ϭ Ẇ D/Ẇ TOT, where Ẇ D is the power to overcome drag) was estimated based on these values and on Even if there are obvious limitations to exact simulation of the whole swimming stroke within the laboratory, these calculations suggest that the data reported in the literature for O are probably underestimated, because not all components of Ẇ TOT can be measured accurately in this environment. Similarly, our estimations of P suggest that the data reported in the literature are probably overestimated. training machine; leg kick; arm pull; front crawl DETERMINING THE EFFICIENCY (and the economy) of human movement is a primary goal for those interested in understanding locomotion and/or in improving sports performance. Still, this goal is quite difficult to achieve, particularly in swimming, where different "efficiencies" can be computed based on the partitioning of mechanical power output into its useful and nonuseful components, as well as because of the difficulties in measuring the forces that a swimmer can exert in water. Economy (energy cost) of aquatic locomotion can be calculated "easily" from measures of energy expenditure in its aerobic, anaerobic-lactic, and alactic components (e.g., 48c). On the other hand, the determination of "overall swimming efficiency" [the ratio of "mechanical power output" (Ẇ ) to "metabolic power input" (Ė )] requires a measure of mechanical work/power, and this is not determined easily in aquatic locomotion. As pointed out by Minetti (29), efficient locomotion is where most of the metabolic power is transformed into mechanical power. However, it is possible that some of this mechanical power is not used for propulsion, resulting in a compromised economy. If Ẇ is close to the minimum necessary, and most of it contributes to progression, then locomotion is also economical.
DETERMINING THE EFFICIENCY (and the economy) of human movement is a primary goal for those interested in understanding locomotion and/or in improving sports performance. Still, this goal is quite difficult to achieve, particularly in swimming, where different "efficiencies" can be computed based on the partitioning of mechanical power output into its useful and nonuseful components, as well as because of the difficulties in measuring the forces that a swimmer can exert in water. Economy (energy cost) of aquatic locomotion can be calculated "easily" from measures of energy expenditure in its aerobic, anaerobic-lactic, and alactic components (e.g., 48c). On the other hand, the determination of "overall swimming efficiency" [the ratio of "mechanical power output" (Ẇ ) to "metabolic power input" (Ė )] requires a measure of mechanical work/power, and this is not determined easily in aquatic locomotion. As pointed out by Minetti (29) , efficient locomotion is where most of the metabolic power is transformed into mechanical power. However, it is possible that some of this mechanical power is not used for propulsion, resulting in a compromised economy. If Ẇ is close to the minimum necessary, and most of it contributes to progression, then locomotion is also economical.
In human locomotion, "total" Ẇ (Ẇ TOT ) can be assumed to be composed of two terms (8) In aquatic locomotion, Ẇ EXT can be partitioned further into: 1) the power to overcome drag that contributes to useful thrust (Ẇ D ) and 2) the power that does not contribute to thrust (Ẇ K ): Ẇ EXT ϭ Ẇ D ϩ Ẇ K . Both Ẇ D and Ẇ K give water kinetic energy, but only Ẇ D effectively contributes to propulsion (e.g., 2, 9).
The efficiency with which the overall mechanical power produced by the swimmer is transformed into useful mechanical power is termed propelling efficiency ( P ) and is given by: P ϭ Ẇ D /Ẇ TOT . The efficiency with which the overall mechanical power produced by the swimmer is transformed into Ẇ EXT is termed hydraulic efficiency ( H ) and is given by:
H ϭ Ẇ EXT /Ẇ TOT . The efficiency with which the Ẇ EXT produced by the swimmer is transformed into useful mechanical power is termed Froude (theoretical) efficiency ( F ) and is given by: F ϭ Ẇ D /Ẇ EXT . It follows that P ϭ F · H . Hence, if the Ẇ INT is nil or negligible (and if the H is close to one), P ϭ F . On the other hand, P will be lower than the F as Ẇ INT increases, and H decreases.
Whereas F , P , and H refer to the mechanical partitioning only, the performance (or drag) efficiency ( D ) and the overall (or gross or mechanical) efficiency ( O ) also take into account the metabolic energy expenditure. The efficiency with which the Ė is transformed into useful Ẇ is termed D and is given by: D ϭ Ẇ D /Ė . The efficiency with which the Ė is transformed into Ẇ TOT is termed O and is given by: O ϭ Ẇ TOT /Ė . It follows that O ϭ D / P . For further details, see Zamparo et al. (48c, 49, 50) .
The only efficiency that can be calculated in swimming with a certain degree of accuracy is D , as it just requires measures of drag (hydrodynamic resistance) and energy expenditure. The different methods developed, so far, to determine (active and/or passive) drag are much debated in the literature (e.g., 20, 44, 47, 48c, 48d) , but the studies in which D was measured consistently indicate that Ͻ10% of Ė ( D ϭ 0.03-0.09) can be transformed into useful Ẇ to overcome drag forces (e.g., 22, 25, 32, 44, 49) .
There has been greater debate about the methods used in the literature to calculate overall and P , and the range of their values is even larger than in the case of D . The values of O (front-crawl swimming) reported in the literature range from 0.1 to 0.2 (43, 49) , depending on the methods used to determine the three components of Ẇ TOT (Ẇ D as well as Ẇ K and Ẇ INT ); on the other hand, the values of P (front-crawl swimming) reported in the literature range from 0.2 to 0.8 (13, 27, 42, 48b, 49) , depending on the models used to approach this problem or again, on the methods used to estimate Ẇ D and Ẇ TOT .
Particularly for P , the need to decrease the uncertainty due to the wide range of values reported in the literature is strong, since this parameter is a major determinant of performance (48c) and hence, of great interest for applied physiologists, sport scientists, and coaches.
Approach to the problem. As indicated above, P can be computed from measures of O and D ( P ϭ D / O ). Given the values of D reported in the literature, by having an "independent method" to calculate Ẇ TOT (and hence, O ), a better estimate of the "possible range" of P values should then be obtained (48a) .
Ẇ TOT can be measured by means of specific ergometers: when properly calibrated, these ergometers are allowed to graduate and accurately measure the mechanical power of a given movement. As an example, it is generally assumed that Ẇ TOT , as measured using cycle ergometry in laboratory conditions, corresponds to Ẇ TOT of "road cycling" (at the same external load and cycling frequency), provided that the ergometer and bicycle are arranged biomechanically in a similar manner (e.g., saddle height, crank length, and so on). This holds true also for those ergometers that simulate movements in water (e.g., rowing and kayaking ergometers): the closer the movement to that performed in water and the greater the similarity between the "biomechanical arrangement" on the ergometer and on the boat, the closer the values of Ẇ TOT assessed in the laboratory should be to those attained "in aquatic conditions".
As pointed out by Minetti (29) , O ( O ϭ Ẇ TOT /Ė ) essentially depends on the efficiency with which ATP is converted into mechanical work at the muscle level [muscle efficiency ( M )] and on the transmission efficiency. The former is typically 0.25-0.35 at optimal contraction speeds (48) , and lower values can be expected only when muscles are working far from the optimal range of the force-speed and force-length relationship. The latter essentially depends on the capacity of the subject to exert useful forces (on land or in water), and this, in turn, depends on the kind of movements performed and on the biomechanical arrangement between human and locomotory tool (when used). A proper "swimming ergometer" should then be designed to allow the subject to work at the same movement frequencies attained in "real swimming conditions" and with the same amplitude of movement. This being the case, the values of O measured in laboratory conditions should indeed resemble those attained in real swimming conditions (35a) .
Aim of the study. The aim of this study was to develop a specific ergometer to simulate front-crawl swimming movements in a laboratory setting and to compute O for this form of exercise (based on measures of Ẇ TOT and Ė ). On the basis of values of D reported in the literature, the secondary aim was to estimate the range of "reasonable/possible" values of P and F in swimming humans for this form of exercise (front crawl).
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MATERIALS AND METHODS
Subjects. Ten swimmers of mean age 23.7 Ϯ 4.6 yr, stature 1.77 Ϯ 0.13 m, and body mass 74.7 Ϯ 2.8 kg (mean Ϯ SD) performed simulated swimming incremental exercise tests to exhaustion on the simulated swimming ergometer. The subjects were trained swimmers who for the 6 mo prior to the testing, completed a minimum of six swimming training sessions (1.5 h each)/wk. Six of the eight swimmers were right-arm dominant, and seven were "bilateral breathers" (with one swimmer breathing right-side only) during training. The Fig. 1 . Photograph of the whole-body simulated swimming ergometer. mean best times for 400 m front-crawl swimming within the 3-mo period prior to testing were 262.7 Ϯ 50 s. All gave written, informed consent prior to participation, and the study was given approval by the Canterbury Christ Church University Ethics Committee.
The whole-body swimming ergometer. Subjects performed exercise testing on a novel whole-body swimming ergometer, which can be seen in Fig. 1 . Resistance to the movement of each limb was created by four air-dynes (Lawler Engineering, UK), which were mounted on spindles that rotated upon payout of pulley ropes attached to hand paddles or foot plates. The design of the leg-kick ergometer allowed force to be exerted in the upward and downward kicking action but only during the pulling action of the arms, not during the recovery phase. On each air-dyne, there was a photoelectric sensor that detected the revolution of the air-dyne. The revolution rate that each air-dyne made was passed into a computer where power was derived using software that contained a calibration algorithm (described below) determined previously. Subjects adopted a prone position and were instructed to simulate the front-crawl swimming action as closely as possible (including arm recovery), attempting to achieve maximum pull and kick movements in each arm stroke or leg kick. Mean power output for leg kick and arm stroke was averaged over each arm pull or leg kick. After computation, the instantaneous mean power output for the combination of arm stroking and leg kicking was fed back to the swimmer on a visual display unit. The power output of the swimmer was plotted against a "target" so that the intensity of exercise could be manipulated. This was done in a similar way to that first detailed in Swaine (36) .
"Static" calibration of the air-dynes. For each air-dyne, the relationship between the rate at which force was applied and revolution rate was determined by suspending known weights (0.5-4.5 kg) from the drive gear of the air-dynes and measuring the rate at which the weight descended. This calibration technique is similar to the calibration technique that has been used previously for calibration of isokinetic swim benches (e. g. 35, 37) . The relationship between power output (P; W) and cadence [C; revolutions/s (rps)] assessed with this method is well described by the following equation: P ϭ 0.066·C 2.964 ; R 2 ϭ 1; n ϭ 10; P range: 2-460 W; C range: 7-43 rps. All four air-dynes were calibrated in this fashion, and individual algorithms were derived.
Dynamic calibration of the air-dynes. A dynamic calibration of the power-measuring system was also performed, in a similar way to that reported for cycle ergometry (24) , by using a Monark cycloergometer (Monark Exercise AB, Sweden). Each of the four air-dynes was dynamically calibrated under two different conditions, both of which used the same "dynamic calibration rig" (DCR). On the DCR, the air-dyne and Monark flywheel were mounted on the same spindle, which was driven by a motor. In condition 1, the Monark flywheel mounting on the spindle incorporated a "slip clutch" mechanism so that the Monark flywheel would slow down (relative to the air-dyne) when the frictional resistance applied to it exceeded that of the air-dyne. In this condition, the air-dyne was driven by the motor at each of 10 different revolution rates (corresponding to selected Ẇ , calculated from the static calibration procedure), and resistance was added gradually to the Monark flywheel weight basket until the flywheel began to slow down relative to the air-dyne. A photoelectric sensor (RS Components, Malaysia) was used to measure flywheel and air-dyne revolution rates (rps), such that small discrepancies in their revolution rates could be detected. At the point where this occurred, the calculated power output of the air-dyne (from revolution rate) could be compared with the power output of the Monark flywheel.
In condition 2, the slip clutch was incorporated between the air-dyne and the spindle so that in this condition, the air-dyne would slow down (relative to the Monark flywheel) when the air resistance exceeded the frictional resistance applied to the Monark flywheel. In this condition, weight was added to the flywheel basket, and the flywheel was driven at increasing revolution rates until a discrepancy was detected. In this condition, the power output of the Monark flywheel could be compared with the power output of the air-dyne (derived from the revolution rate) at which this discrepancy occurred.
The relationship between the power values indicated by the airdynes and the power values indicated by the Monark cycloergometer in both conditions (1 and 2) was close to the identity line: intercepts ranged from Ϫ0.391 to Ϫ3.367, slopes from 0.995 to 1.000, and R 2 values from 0.999 to 1.000.
Measurement of cardiopulmonary variables. Analysis of expired air was made using a breath-by-breath gas analysis system (Innocor, Innovision, Denmark). This system uses laser diode absorption spectroscopy for oxygen (O2), photoacoustic spectroscopy for carbon dioxide (CO2) analysis, and a differential pressure sensor for determination of ventilatory flow rates. Heart rate (HR) was determined by using a Polar HR monitor (Polar AB, Finland), which gave instantaneous values at 5-s intervals.
A detailed description of the calibration of the breath-by-breath system against the criterion Douglas bag method is reported in APPENDIX. Briefly, the results of comparison of gas analysis measures in a group of healthy males (n ϭ 8), who had their expired air analyzed by the Innocor and Douglas bag systems simultaneously during cycle ergometry (exercise intensities ranging from 50 to 250 W), showed good agreement between breath-by-breath and Douglas bag systems [O2 uptake (V O2) Innocor ϭ 0.0038 ϩ 1.0013·V O2 Douglas; n ϭ 40; R 2 ϭ 0.998; P Ͻ 0.001]. The Bland-Altman plot of the differences between the V O2 values, as obtained by means of the two techniques (Douglas bag-Innocor), indicated that mean difference (bias) was centered closely to zero (0.0067 l/min); moreover, the limits of agreement were between Ϫ0.0327 l/min and 0.0879 l/min and thus similar to those found by Basset et al. (3), who compared the ParvoMedics breath-by-breath system with the Douglas bag method.
Incremental exercise. Whole-body simulated swimming commenced at 50 W and increased by 25 W every minute. Participants were asked to simulate the movement actions of front-crawl swimming against the increasing air-dyne resistance until volitional exhaustion. Throughout the incremental exercise test, HR, V O2, expired ventilation (V E), and respiratory exchange ratio (RER) were recorded and averaged at 30-s intervals. Ẇ EXT A, Ẇ EXT L, stroke frequency (SF), and kick frequency (KF) were also recorded and averaged at 30-s intervals.
Calculations (data analysis). Ẇ EXT was calculated as the sum of Ẇ EXT A and Ẇ EXT L (for both arms and both legs). Ẇ INT The values of D were taken from the literature; since they range from a minimum of 0.03 to a maximum of 0.09, two sets of values of P and F were obtained; these represent the upper and lower limits of P and F values compatible with our data of Ẇ TOT and Ẇ EXT.
RESULTS
The average (Ϯ1 SD) values of KF and SF are reported in Fig. 2 . KF ranged from 0.94 to 2.12 Hz, whereas SF ranged from 0.32 to 0.83 Hz. On the basis of these data, the values of Ẇ INT L and Ẇ INT A were calculated; these data are reported in Table 1 
The values of Ẇ EXT (Ẇ EXT ϭ Ẇ EXT A ϩ Ẇ EXT L ) are close to the indicated target load and range from ϳ50 to 350 W (two subjects were not able to reach the highest load, whereas all were able to sustain the 300-W work load). The Ẇ EXT L ranged from ϳ20 to 175 W (35-50% of Ẇ EXT ), and Ẇ EXT A ranged from ϳ30 to 175 W (65-50% of Ẇ EXT ) at the lowest and highest target loads, respectively (see also Fig. 3 ).
The average (Ϯ1 SD) values of V O 2 , V E, HR, and RER, as assessed during the last 30 s of each workload (50 -350 W), are reported in Table 2 . The values of RER indicate that exercise was sustained on the basis of aerobic metabolic energy sources up to 250 W of target load on the average. Two values of O were computed for each subject: based on data of Ẇ EXT ( O Ẇ EXT ) and based on data of Ẇ TOT ( O Ẇ TOT ). An example of these relationships is reported in Fig. 4 for one subject; in this case, RER Յ 1 from 50 to 300 W.
Finally, in Table 3 , the individual values of overall F and P , as calculated/estimated in this study, are reported. O Table 3 ) is ϳ17% and indicates that Ẇ INT is a not a negligible component of Ẇ TOT .
The values of P and F calculated in this study (0.10 -0.43) are on the lower range of those reported in swimming studies (0.2-0.8). It must be pointed out that in all of the studies that have been performed in real swimming conditions, O and/or P were estimated, rather than measured, because of the difficulties of measuring force (and power) in the aquatic environment; thus this DISCUSSION will be devoted to considering the advantages and limitations of the different methods used so far to estimate O and P , starting from the method used in this study.
The whole-body swimming ergometer (power output data). There are obvious limitations to exact simulation of the whole swimming stroke within the laboratory. Firstly, a limitation arises from the way in which resistance is provided to the movements of the hands and feet in laboratorybased ergometers. Indeed, in the whole-body swimming ergometer used in this study, the resistance to movement of the hands and feet is provided by pulley ropes, which are attached at fixed points. Thus resistance is not provided to movements where force is applied perpendicular to that fixed point. Frontcrawl swimming movements performed in the water with the hands and feet are known to involve "sculling" actions, where the application of forces is often not in the frontal and sagittal planes (to provide forward propulsion) but is in the transverse plane. However, forces in the latter plane will not be accounted for in the type of ergometry used in the present study.
Secondly, a limitation arises from the hindered body roll when using a swimming ergometer. Body roll is an important aspect of front-crawl swimming (e.g., 26, 30) and is thought to contribute to forces applied by the hands and feet. However, the whole-body swimming ergometer used in the present study allows some body roll to take place. This is unlike the swim benches that have been used previously. The whole-body swimming ergometer used in the present study uses a "suspended cradle" support for the torso, which allows the torso to flex laterally. This cradle also incorporates steel springs that allow the torso to be rotated. When taken together, this system allows considerable body roll. To what degree this body roll differs from that experienced when swimming front crawl in the water remains to be established.
In spite of limitations like these, laboratory-based swimming ergometry has been widely used to study physiological responses to swimming exercise and to quantify the effects of swimming training. This type of ergometry has allowed a significant contribution to be made to knowledge and understanding of this sport (e.g., 23, 35, 36, 36a, 41) . It has especially been used to investigate the role that muscle power has in front-crawl swimming performance, but more recently, it has been used to investigate cardiopulmonary responses to swimming exercise (35c, 36a). However, the ergometers used in most previous studies are open to criticism based on the limitations to which they allow replication of the swimming actions. The present whole-body swimming ergometer, although it still does not exactly replicate swimming itself, addresses some of these limitations. Furthermore, some of the problems identified in previous work (35c), which were associated with inadequate replication of the arm stroke and with leg-kick cadence, have been addressed in the new whole-body swimming ergometer. Therefore, it is our assertion that this novel whole-body swimming ergometer simulates front-crawl swimming reasonably well.
Contribution of legs and arms. The contribution that the leg kick makes to Ẇ TOT during whole-body exercise using the whole-body swimming ergometer is higher than expected. The only previous research to attempt to identify the contribution that the leg kick makes in swimming front crawl has investigated the "propulsion" that comes from the legs and not the mechanical power output (35b) . Of course, these values refer to the "total power output" produced by the upper and lower limbs. In water, only effective forces are useful for propulsion, and the "effective contribution" of legs and arms to forward propulsion is obviously different than the contribution to Ẇ TOT . This is essentially because the direction of exertion of force by the legs and hands during front-crawl swimming movements is different. During the front-crawl kick in water, the feet exert forces mostly in an upward and downward movement and not in opposition to the direction of forward motion. During the arm stroke, much more of the force exerted opposes the direction of forward motion. However, when using the whole-body swimming ergometer, resistance is offered in an upward and downward plane. This may account for the higher contribution from the leg-kicking action when using the whole-body swimming ergometer. Data reported in the literature indicate that in terms of speed and power output, the contribution of the legs to propulsion is on the order of 10 -15% (10, 21) . The difference between the values reported in this study during whole-body simulated swimming (up to 50% for the lower limbs) and those measured during actual swimming conditions (10 -15%) is indeed determined by the P of upper and lower limbs, which indicates how much of Ẇ TOT generated by the swimmer's muscles can be used for useful propulsion ( P ϭ Ẇ D /Ẇ TOT ). Ẇ INT ranged from 5.7 to 66 W for the leg kick and from 1. The whole-body swimming ergometer (metabolic data). As indicated in APPENDIX, the V O 2 data reported in this study represent a fairly good approximation of those that could have been measured by means of the open-circuit method (Douglas bag) over the same time interval. Indeed, the two methods give essentially the same values in all metabolic parameters below the gas exchange (GE) threshold, and in this paper, only data collected in aerobic conditions (RER Ͻ 1) were taken into consideration for the calculation of O .
Moreover, the highest V O 2 values reported in this study (4.49 Ϯ 0.17 l/min) are similar to the values of maximum V O 2 (V O 2max ) reported in the literature during swimming. As an example, Capelli and coworkers (7a) report values of V O 2max of 4.34 Ϯ 0.49 l/min in eight elite male front-crawl swimmers; these data were collected at the end of an incremental exercise in which swimming speed was increased by 0.12 m/s every 3 min and in which V O 2 was assessed at steady state by means of the Douglas bag technique. Thus it may be concluded that in terms of physiology, the whole-body swimming ergometer simulates front-crawl swimming reasonably well.
In this study, O was calculated based on data of mechanical power and V O 2 during incremental exercise. At this regard, two major points should be discussed/taken into consideration.
1) Efficiency is expressed by the ratio of Ẇ to Ė . For a given mechanical output, several efficiencies could be calculated: gross efficiency, net efficiency, work efficiency, and ⌬ efficiency (12, 16) . Data reported in this study (Table 2) do not represent steady-state values and hence, do not allow calculation of data of gross (mechanical output/overall metabolic input), net (mechanical output/metabolic input above that at rest), and work (mechanical output/metabolic input above that in unloaded conditions) efficiency but only values of ⌬ efficiency (⌬Ẇ /⌬Ė ), see discussion of point 2 below. In this paper, indeed, the values of O correspond to the ⌬ efficiency of this "form of exercise".
As indicated by Gaesser and Brooks (16), Ettema and Lorås (12) , and by many others, using-or not-a baseline correction dramatically changes the estimates of energy expenditure. As an example in cycling at a given cadence (60 rpm) and with increasing loads (from 200 to 800 kg·m·min Ϫ1 ), gross efficiency ranges from 12% to 20%, net efficiency from 18% to 24%, whereas work and ⌬ efficiency remain relatively constant and amount to ϳ26 -27% (16) . These data indicate that the choice of the method to calculate "overall" efficiency has a deep impact on the outcome of our results, since quite large differences in P can be estimated not only on the basis of the different values of D reported in the literature but also on the basis of the equations used to calculate " O " itself.
As pointed out by Gaesser and Brooks (16) , the ⌬ efficiency calculation does accurately describe the relationship between caloric input and work rate and thus is the most appropriate method of calculating O in cycling. This holds true in all "conditions" where a linear relationship between Ẇ and Ė is observed (as is the case of our study). Another reason why we decided to use this calculation is that ⌬ efficiency is the "average ratio" of mechanical output to metabolic input over the aerobic range of workloads (below the GE threshold): it is thus less dependent compared with other methods on the 
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2) As indicated by di Prampero et al. (11) , during incremental exercise in aerobic conditions when the workload (in terms of speed, in their paper) is increased at regular (and small) intervals, V O 2 keeps increasing linearly; in these conditions, if V O 2 is averaged over homologous times within each step, neglecting the initial 10 -15 s of each constant step, the V O 2 difference between corresponding time values becomes constant and equal to the difference between the "appropriate steady-state values". A similar approach was put forward by Whipp et al. (46) to determine, among the others, the "work efficiency" in cycling (Ẇ EXT /Ė ). These authors have shown that the values of work efficiency determined from a ramp protocol similar to that used in this study (0.317 Ϯ 0.022) faithfully represent those obtained during steady-state incremental protocol (0.305 Ϯ 0.022). On the basis of these considerations, the data of O reported in this study ( In cycling, where Ẇ EXT is easily measurable with validated ergometers, O Ẇ EXT ϭ 0.25-0.30 (e.g., similar to the values expected from the thermodynamics of muscle contraction at optimal contraction speed). Similar values should be expected for all forms of "locomotion", in which no recoil of elastic energy takes place and for which Ẇ TOT can be assessed accurately; in these conditions, values of O lower than 0.25-0.30 are measured only when muscles are working far from the optimal range of their force-length and/or force-speed relationship.
The effect of an "unfavorable muscle length" on O is quite small in cyclic-type movements; e.g., when cycling in the prone or supine position, the efficiency is 92-97% of that of cycling upright (1) . M is also a function of the velocity of shortening (v)/maximal v ratio (v/v max ) and peaks at about the same shortening speed that gives maximal power production (33) . Since muscle fiber types are characterized by different values of v max , M also depends on the composition of fibers (the slow-type fibers are more efficient than the fast-type ones) and on their recruitment (33) . Sixty cycles·min Ϫ1 (1 Hz) has been suggested as the frequency-maximizing efficiency for type I fibers (34) , and SF and KF are not far from this value, at least in aerobic conditions (up to 250 W; see Fig. 2) . Therefore, the effect of an "unfavorable contraction speed", as well as that of an unfavorable muscle length on O in swimming, seems rather small.
A final consideration debated in the literature regards the possible difference in the efficiency of arm vs. leg exercise; due to the smaller mass involved (arm cranking vs. cycling), the overall efficiency of arm exercise was reported to be lower than that of leg exercise (31) . However, this is not the case of swimming, since large muscle masses (not only the upper limbs) are involved in this mode of locomotion. Moreover, as indicated by Hagerman (19) , the values of O Ẇ EXT reported in the literature for rowing (mainly, but not only, upper body exercise) can be as high as 0.24 (in elite oarsman during a simulated 2,000-m race on a rowing ergometer).
On the basis of these considerations, it could be concluded that: 1) O Ẇ EXT values of ϳ0.20 -0.25 should also be expected for "simulated swimming" if a proper ergometer could be devised (and this is indeed what we found in this study); and 2) the "low" values of overall (gross) swimming efficiency reported so far in some swimming studies are likely to be attributed to an incomplete computation of all work components/energy losses rather than to nonoptimal values of O . That this could indeed be the case is reviewed, from an historical point of view, in the following paragraphs.
O in swimming. The first attempts to quantify efficiency in human swimming were made in the 1930s by computing the ratio Ẇ D /Ė (e.g., by calculating D ); at the time, it was assumed that Ẇ D was the majority of Ẇ TOT in aquatic locomotion. It was hence assumed that Ẇ D ϭ Ẇ TOT , and thus that D ϭ O . Different values of swimming efficiency calculated with this "method" are reported in the literature (ranging from ϳ0.03 to 0.09) depending on how drag (and hence, Ẇ D ) was measured-while the swimmer was passively towed (passive drag) or during actual swimming conditions (active drag). From this "erroneous assumption" (Ẇ D ϭ Ẇ TOT ), the idea that efficiency in swimming is much lower than in other sports/ human activities started to develop.
Starting from the works of Toussaint and coworkers (e.g., 42, 43) in the 1980s, it was acknowledged that besides Ẇ D , there is also a contribution to Ẇ EXT from Ẇ K so that in their papers, overall swimming efficiency was calculated as Ẇ EXT /Ė ( O Ẇ EXT ). The values of swimming efficiency calculated with this method are ϳ0.10 and thus similar to the upper range of D values, confirming the general idea that swimming efficiency is rather low. It must be pointed out, however, that with the protocol adopted by these authors, the legs are floated by a pull-buoy, and this has an influence on Ẇ D . In addition, in those studies, Ẇ INT was not computed.
More recently, Zamparo and coworkers (49) attempted to compute a complete energy balance of the front crawl by also taking into account: 1) the contribution of the legs to total propulsion and 2) the contribution of internal work to total work production. The values of O Ẇ TOT (Ẇ TOT /Ė ) reported by these authors are of ϳ0.2 and thus closer to the values reported in this study and assessed by means of a whole-body swimming ergometer.
We acknowledge that our attempt to derive O in swimming is prone to discussion. Nevertheless, this historical background might explain why swimming has historically been considered to be such an inefficient activity: it might be partly due to incomplete computation of all mechanical factors that determine Ẇ TOT . The reader is referred to Zamparo et al. (48c) for further details on this topic.
The estimates of P (and F ) of swimming. Assuming D values of 0.03-0.09 and on the basis of the O values reported in this study, P (Ẇ D /Ẇ TOT ) could be (at most) 0.35, and F (Ẇ D /Ẇ EXT ) could be (at most) 0.43; e.g., less than one-half of Ẇ TOT can be transformed into power useful for propulsion in swimming humans. These seem quite reasonable estimates, since humans are not suited for locomotion in water; in comparison, swimming cetaceans are characterized by values of P ranging from 0.75 to 0.90 (14) . Recent studies of computational fluid dynamics (45) are even more "restrictive", indicating a range of propulsive efficiency values of the underwater dolphin kick in humans (a far more efficient method to move in water than the arm stroke) of 0.11-0.29 (compared with 0.56 for cetaceans).
Values of P (in the front crawl) of 0.40 Ϯ 0.02 are reported by Zamparo et al. (49) . The other values reported in the literature could be described more accurately as values of F of the arm stroke, since they are based on estimates of Ẇ EXT and not Ẇ TOT and focus on the upper limb's movements only; they range, as indicated in INTRODUCTION, from 0.2 to 0.8.
It must be pointed out that data of p reported in this study represent the "average P ", as can be calculated during a complete swimming cycle. The values of P / F reported by some authors (13, 27, 48b, 49) are indeed calculated over a complete swimming cycle and thus are comparable with the figures estimated in this study. However, since unsteady forces are exerted in swimming, different values of p and/or F than those reported in this study could be expected if calculated in a specific phase of the stroke, which can indeed be "divided" into propulsive (pull and push) and nonpropulsive (entry, catch, and recovery) phases in which the efficiency of propulsion is clearly different. This might explain why such widely differing values of P for the arm stroke of front-crawl swimming have been reported in the literature so far.
Conclusions. In spite of the obvious limitations to exact simulation of the whole swimming stroke within the laboratory, the calculations reported in this study suggest that at least one of the reasons why swimming has historically been considered to be such an inefficient activity might be due to incomplete computation of all mechanical factors that determine Ẇ TOT . This underestimation of the values of O is related to an overestimation of the values of P -these two parameters being inversely related. Since it is still difficult to compute/estimate these factors in the aquatic environment with a good grade of accuracy, we attempted to approach this conundrum from a different perspective. Rather than proposing (or opposing) one method over the other, this paper was aimed at re-opening the discussion about these matters with the hope of finding new solutions to this long-debated issue. Both O and P are major determinants of swimming performance and hence, of great interest for human physiologists, sport scientists, and coaches.
APPENDIX: A COMPARISON BETWEEN INNOCOR AND DOUGLAS BAG MEASUREMENTS
As reported by a recent study of Fontana et al. (15) , Innocor has not yet been validated against the Douglas bag technique as far as measures of V O 2 are regarded. However, in their study, Innocor was shown to be in good accordance in regard to cardiac-output measurements against direct Fick and the other invasive techniques. Moreover, Fontana et al. (15) investigated the test-retest reliability in V O 2 measurements (healthy subjects at rest and during submaximal and maximal exercise), demonstrating that Innocor delivers reliable measurements of both cardiac output and breath-by-breath ergospirometry.
In 
Methods
Eight male subjects (22 Ϯ 3.5 yr; 73 Ϯ 3.7 kg body mass; 1.77 Ϯ 0.03 m of stature) were asked to perform an incremental exercise test (Monark cycloergometer, Monark Exercise AB), pedaling at 60 rpm at the following exercise intensities: 50, 100, 150, 200, and 250 W. Each step lasted 6 min, and data collected during the last minute of each step were averaged and used in further analysis. During these experiments, the analysis of expired air was made using a breath-bybreath gas analysis system (Innocor, Innovision), connected in a series with a standard open-circuit method (Douglas bag technique). The Douglas bag gas collection system was connected directly to the stand-alone flowmeter of the Innocor, which can be accessed according to the manufacturer's manual. This meant that expired air first passed through the Innocor and then into the Douglas bag system. Each subject was fitted with a rubber mouthpiece, which was connected to the Innocor breathing valve assembly unit (see Fig. 5 ). A nose clip was worn to prevent nasal breathing.
In the Innocor breath-by-breath analysis system, laser diode absorption spectroscopy is used for O 2 analysis and photoacoustic spectroscopy for CO2 analysis. Pulmonary flow is measured by means of a differential pressure flowmeter (pneumotachometer) placed in a stand-alone position to minimize the flow resistance. The flow signal is integrated over a given time period to determine volumes. To calibrate the breath-by-breath system, it is necessary to establish the "flow-gas delay", which reflects the small lag between gas analysis and flow determination. To do this, slow expirations, followed by very fast inspirations, have to be performed to quantify the flow-gas delay (in ms). The manufacturer's recommendation was that the flow-gas delay should not exceed 20 -40 ms. This calibration was performed before each test. To account for the increase in dead space when the Douglas bag system was attached, the auto-delay function of the breath-by-breath system was switched off (the auto-delay function assumes that there is a fixed, known dead space).
Then, two calibration procedures were performed: 1) the flowmeter was calibrated according to the manufacturer's instructions (using a 3-liter syringe; Hans Rudolph, Shawnee, KS) with the bag system connected (in case it should affect the flow profile and thereby the calibration); and 2) the flowmeter was calibrated without the bag Fig. 5 . Innocor gas analysis unit, showing: 1) gas sampling tube; 2) stand-alone flowmeter; 3) respiratory bacterial/viral filter breath-by-breath port; 4) breathby-breath ambient air inlet/expired air outlet port; 5) inert gas rebreathing bag for cardiac output determination (not used in this study).
system connected (using the normal dead space), and the bag system was attached afterwards. This ensured that during calibration, the modified dead space was taken into account. During the incremental exercise test, HR was also measured by means of a Polar HR monitor (Polar AB).
The composition of the expired gases collected in the Douglas bag was evaluated by means of a paramagnetic O 2 analyzer (Servomex, UK) and an infrared capnometer (Servomex), which were calibrated before the test with gas mixtures of known composition. Expired gas volume was measured by means of a gas meter (Harvard dry gas meter, Harvard Apparatus, Holliston, MA). The instrument was calibrated before the test by means of a 3-liter syringe (Hans Rudolph).
Data analysis. A paired t-test was used to assess eventual differences in the metabolic variables measured with the two methods at each workload (n ϭ 8); if a normality test failed, a Wilcoxon signed rank test was applied instead (SigmaPlot 11.0). Alpha level was set at 0.05. A Bland-Altman plot (4) was constructed to assess the agreement between the V O 2 values assessed with the two methods (all data points, n ϭ 40); the upper and lower limits of agreement were also calculated for these data.
Results and Discussion
In Table 4 , the average V O2, CO2 production (V CO2), and V E values measured with the two methods in correspondence of each load at steady state are reported; the HR values at steady state are reported as well. No significant differences were observed at each load between the two methods in the V O 2 values, whereas significant differences were observed for V CO2 and V E at the highest loads (P Ͻ 0.05).
The RER, which can be calculated from data reported in Table 4 , is larger than one for Ẇ EXT Ն 200 W in both cases. It can thus be concluded that the two methods give essentially the same values in all metabolic parameters below the GE threshold.
The relationship between the values of V O 2 (l/min), as measured with the two methods, is reported in Fig. 6 : V O 2 Innocor ϭ 0.0038 ϩ 1.0013·V O 2 Douglas; n ϭ 40; R 2 ϭ 0.998; P Ͻ 0.001. This relationship is close to the identity line.
In Fig. 7 , the Bland-Altman plot of the differences between the V O 2 values as obtained by means of the two techniques (DouglasInnocor) as a function of the corresponding mean is reported (n ϭ 40). The mean difference (bias) is centered closely around zero (0.0067 l/min), showing that Innocor data closely agree with Douglas bag data.
These limits of agreement are comparable with those reported by Basset et al. (3) when comparing the ParvoMedics system with the Douglas bag method during a cycloergometric-graded exercise test (from 50 to 250 W) and discussed as acceptable by these authors. Also, in their paper, the larger differences between the two methods were observed for the values of ventilation (which never exceed 1.6 l/min in their case and 3.8 l/min in our case).
General discussion. The Douglas bag technique combined with steady-state measurements is the ideal method to assess V O 2 (18) . However, strong relationships between the V O2 (and V CO2) data collected at steady state by means of the Douglas bag technique or by means of breath-by-breath measurements (with different algorithms) are reported in the literature (3, 6) , as well as in this APPENDIX. As pointed out by Capelli et al. (7), a good relationship between breath-by-breath and Douglas bag data can be observed if-and only if-the transport time delay and the response time of the gas analyzers are determined accurately so to align the gas-flow signal to the associated gas-fraction signal, measured at the mouth for a given breath. In this study, care was taken to take into account these factors.
Finally, as shown by Capelli et al. (7), when a series of breaths greater than five is considered the variation of the lung, O 2 stores can be ignored, and breath-by-breath methods allow accurate assessment of V O2 at the mouth. In this paper, metabolic data referring to the last 30 s of each step (using a number of breaths larger than five in all subjects and at all loads) were averaged, and thus the V O2 data reported in the paper represent, with a fairly good approximation, those that could have been measured by means of open-circuit methods (Douglas bag) over the same time interval.
